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ABSTRACT 
Using density functional theory (DFT) computations, we have demonstrated a substantial 
skeletal relaxation when the structure of 2,5-[bis-(4-anthracene-9-yl-phenyl]-1,1-dimethyl-
3,4-diphenyl-silole (BAS) is optimized in the gas-phase comparing with the molecular 
structure determined from monocrystal X-ray diffraction. The origin of such a relaxation is 
explained by a strong environmental strains induced by the presence of anthracene entities. 
Moreover, the estimation of the frontier orbital levels showed that this structural relaxation 
affects mainly the LUMO that is lowered of 190 meV in the gas-phase. To check if these 
theoretical findings would be confirmed for thin films of BAS, we turned to ultraviolet 
photoemission spectroscopy / inverse photoemission spectroscopy and electro-optical 
measurements. Interestingly, the study of the current density / voltage and luminance / 
voltage characteristics of an ITO/PEDOT/BAS/Au device clearly demonstrated a very 
unusual temperature-dependant behavior. Using a thermally-assisted tunnel transfer model, 
we found that this behavior likely originated from the variation of the electronic affinity of 
the silole derivative with the temperature. The thermal agitation relaxes the molecular strains 
in thin films as it is shown when passing from the crystalline to the gas-phase. The relaxation 
of the intramolecular thus induces an increase of the electronic affinity and, as a 
consequence, the more efficient electron injection in organic light-emitting diodes. 
 
 
 
 
PACS: 72.80.Le, 73.50.-h, 71.15.Mb, 73.40.Sx 
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1 Introduction 
 
The wide range of organic semiconductors used as emissive layers in organic light-
emitting diodes (OLED) for displays or lighting applications implies specific investigations 
of each molecular family. Understanding phenomena related to the molecular properties is 
crucial to these applications, and usually involves fundamental investigations. Conjugated 
molecules in solid state are weakly bond by van der Waals interactions or hydrogen bonds. 
Although the binding energy is low, the molecular environment can play a fundamental role 
when it induces steric strains 1. Bond strain is accompanied by a loss of molecular symmetry, 
which induces an unusual electron distribution and a variation of the band gap.  
The investigations presented in this paper are carried out with a new silole derivative: 2,5-
[bis-(4-anthracene-9-yl-phenyl]-1,1-dimethyl-3,4-diphenyl-silole, herein named BAS (see 
Figure 1). Silole-based compounds have been proposed as a new class of electroluminescent 
materials 2,3. They are mainly electron transport semiconductors 4, and have a low-lying 
lowest unoccupied molecular orbital (LUMO) due to an effective interaction between the σ*-
orbital of the silicon atom and the π*-orbital of the butadiene fragment 5,6. Two anthracene 
groups, well-known as hole-transport groups in molecular films 7,8, are attached to the central 
silole ring. By combining the electron-transport properties of the silole and the hole transport 
ability of the anthracene, the intra-molecular balance of charge carriers should be improved in 
single-layer devices 9.  
Density Functional Theory (DFT) computations and crystallographic structure analyses were 
carried out. Geometrical parameters of BAS have been measured in the single crystal and 
compared to the ones obtained from the optimization of the molecular geometry in the gas-
phase. In contrast with what we had previously observed with others silole derivatives using 
the same methodology, some significant discrepancies are found between the as-found and the 
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optimized structures 9-13. The origin of these discrepancies may be explained by a relaxation 
phenomenon reflecting strong environmental strains in the crystal lattice. This observation 
prompted us to look at the role of supramolecular environmental strain and its consequences 
on electron injection in a layer of silole-derivative semiconductor. Indeed, the balance of 
charge carriers is a fundamental parameter to optimize the performances of emissive layers.  
Electro-optical study, Ultraviolet Photoemission Spectroscopy / Inverse Photoemission 
Spectroscopy (UPS/IPES) measurements are carried out to investigate the relaxation of 
environmental strains on BAS molecules in the solid state with increasing the temperature. 
The consequence of that relaxation results in an increase of the electron affinity (EA), which 
plays a fundamental role in the electron injection probability. 
2 Results and discussion 
2.1 Structural characterization 
 
BAS was synthesized by an adaptation of the general procedure reported by Tamao et al. 
involving the intramolecular reductive cyclization of dimethyl-bis(phenylethynyl)silane 
followed by the coupling reaction with 9-(4-bromophenyl)anthracene 14. BAS crystallizes in 
the P-1 triclinic space group with a = 10.094(2) Å, b = 10.998(2) Å, c = 18.808(2) Å, 
α = 85.90(1) °, β = 84.34(1) °, γ = 88.44(2)° and Z = 2. The diffraction intensities for BAS 
were collected at the joint X-ray Scattering Service of the Institut Européen des Membranes 
and the Institut Charles Gerhardt of the Université de Montpellier II, France, at 175 K using 
an Oxford Diffraction Xcalibur I diffractometer and Mo-Kα  photons (λ=0.71073 Å). The 
structure of BAS, C58H42Si, was solved by direct methods using SIR2002 15 and refined by 
least-squares methods using CRYSTALS 16,17. As shown in figure 2, the molecule displays a 
propeller-like arrangement of the four benzene rings as usually observed with other tetra-
arylsiloles. The dihedral angles (φ) between the mean planes of the central silole (S, see 
Figure 1 for labeling of the rings), the 2,5-benzene rings (P1 and P2) and the anthracenyl 
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groups (A1 and A2) are given in Table 1. While the first three values fall within the range of 
those generally reported for related structural units, it is worthy of note that the forth one 
(φ(P2 – A2) = 64.2(3)°), is substantially lower than the smallest value encountered for 9-
arylanthracene derivatives (ca. 70°), and induces appreciable intramolecular steric 
interactions. Significant π-π stacking interactions are found between A1 anthracenyl groups of 
adjacent BAS molecules that in fact determine the cohesion of the three-dimensional 
intermolecular structure (Figure 3). The lowest distance between two phenyl centroids is 
3.711(4) Å with 23.20° and 20.81° for the angles between the ring normals and the centroid 
vectors. These values are in accordance within the accepted range of values for appreciable π-
π interactions 18. 
The geometry optimization of BAS in the gas phase was carried out using density 
functional theory (DFT) calculations with the B3LYP functional. Due to the size of the 
molecule, geometry optimization without symmetry constrains was performed with the 6-31G 
basis set to the standard convergence criteria as implemented in Gaussian G03w software 19. 
In the gas phase, the geometry of BAS approaches the C2 symmetry by relaxing the 
geometrical constraints between the different rings in order to minimize the steric interactions 
and to increase the conjugation throughout the π-system. Thus, the values of the torsion 
angles between the silole and the adjacent phenyl rings are decreased (Table 1) whereas the 
values of the torsion angles between the phenyl rings and the anthracenyl groups are 
increased. Among the siloles we have already studied these results are quite unusual (see 
above). For instance, in the case of 1,1-dimethyl-2,5-bis(p-2,2’-dipyridylaminophenyl)-3,4-
diphenylsilole (DMPPS, Figure 1) for which we have already described the mechanism of 
injection, both the crystal and the optimized structures are very similar 9,20,21. In the DMPPS 
molecule, the anthracene side-groups have been replaced by dipyridylaminophenyl groups, 
and for that reason, no structural constraint is observed in the solid state. Therefore, it is likely 
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that the propensity of anthracene to adopt a π-stacking structure induces sufficient 
environmental strain to bring about the BAS molecules to adopt such an energetically costly 
conformation in the crystal lattice (see Figure 3). 
2.2 Electronic level characterization 
 
Ultraviolet photoemission spectroscopy was carried out using He I (21.2 eV) and He II 
(40.8 eV) sources in conjunction with a double-pass cylindrical mirror analyzer. The 
resolution of the photoemission system was 150 meV as determined from the width of the 
Fermi edge on an electrode of freshly deposited Au. Inverse photoemission spectroscopy was 
carried out using an electron energy scan from 5 to 15 eV with a system resolution of 
500 meV. UPS and IPES measurements (Figure 4) were carried out on an 8 nm BAS vapor-
deposited thin film on a gold substrate to estimate the energies of its filled and empty orbitals. 
The measured ionization potential (IP) and EA, defined as the energy difference between 
vacuum level and onset of occupied and unoccupied states, are 6 eV and 1.69 eV, 
respectively. The single particle energy gap between the onsets of LUMO and HOMO equals 
4.31 eV. To complete this study, DFT single point calculations were performed on both the 
X-ray and optimized geometries of BAS using the B3LYP functional with a 6-31G* split 
valence plus polarization basis set. The calculated HOMOs and LUMOs (Figure 5) do not 
much vary in appearance. The major changes in the electronic distribution reflect the 
symmetrization of the geometry when going from the solid to the gas phase (optimized 
geometry). On the other hand, the variation of the geometry of BAS from gas-phase to solid 
(crystalline) phase has a strong influence on the energy parameters, in particular the electron 
affinity (Table 2). It is noteworthy that the HOMO level is not much affected from the solid 
state to the relaxed gas-phase, contrary to the LUMO level. The latter is clearly stabilized in 
the relaxed gas-phase. The EA increases from -1.81 eV in the solid state to -2.00 eV in the 
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gas-phase. Simultaneously, the IP varies only slightly, from -5.37 eV in the solid state to -
5.39 eV in the gas phase. 
2.3 Thermally assisted electron tunneling injection 
 
Thus, structural modifications induce significant variation of the electronic structure of the 
molecule. At low temperature (90 K), the solid state is frozen. When the temperature 
increases, thermal agitation should relax the environmental strains and thus increase EA. To 
further probe this important mechanism, we built a device based on the following structure: 
ITO/PEDOT/BAS (80nm)/Au. The gold cathode is chosen for its high work function in order 
to be sure to characterize the BAS/Au interface. Variation in EA with temperature should have 
a strong effect on the electron injection at this interface. Details of device manufacturing can 
be found in reference 20. 
Typically, transport over a huge barrier is analyzed in terms of tunnel injection 22. Figure 6 
shows the current density-voltage (J-V) and luminance-voltage (L-V) characteristics for 
temperatures ranging from 90 K to 235 K carried out in a liquid nitrogen cryostat chamber 
under rotary pump vacuum (10-3 mbar) and recorded with a Semiconductor Characterization 
System Keithley 4200 with a monitored photodiode. The first bias window (Domain I) is 
associated with hole-only injection and transport, because electron injection is ruled out by 
the large Au-LUMO potential barrier. The energy barrier between the onset of the empty 
states and the Au Fermi level is 2.64 eV (Figure 4). No luminescence is detected in this 
regime. The luminance appears in the second bias window (Domain II), which is the sign of 
significant injection of both types of charge carriers. The associated current in Domain II is 
much more dependent on the applied voltage than in Domain I, indicating that it is dominated 
by electrons. Considering the 2.64 eV electron injection barrier at the BAS/Au interface (see 
Figure 4), thermionic injection is not possible and only tunnel injection at high electric field 
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needs to be considered. In the case of DMPPS, J-V and L-V characteristics were temperature-
independent and described using the Fowler-Nordheim tunnel transfer model 20. On the 
contrary, in the case of BAS, J-V as well as L-V curves are thermally activated (Figure 6). 
The origin of this phenomenon is likely due to the relaxation of the environmental strains 
when increasing the temperature i.e. the higher the temperature, the lower the environmental 
strain pressure. DFT calculations summarized in Table 2 highlight that the LUMO and 
HOMO are strongly influenced by the torsion angles. Raghunath et al. recently obtained 
similar results in anthracene based molecule 8. In the following model, we will consider that 
the environmental strain relaxation is Maxwell-Boltzmann temperature dependent. 
We now introduce a thermally assisted tunnel injection model across a triangular potential 
barrier ψ(x). The Fermi level is taken as the reference level. The potential barrier thickness is 
a, with ψ(a) = 0. The potential barrier height at the interface, i.e. LUMO - EF(Au), is ψ(0) = 
φc. Both a and ψ(0) are temperature dependant. ψ(x) and a are defined in equations 1 and 2:  
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where F = Vap / d is the electric field, Vap the applied voltage, d the thickness of the BAS 
layer, φc = φm (Au) – EA (BAS) = ψ(0), W is the activation energy to relax the molecule of its 
environmental strain, E is the energy of the electrons and kB = 1.38×10-23 J/K is the 
Boltzmann’s constant. A gold cathode was chosen to have a high barrier φc. Thus, the current 
density is assumed to be directly proportional to the tunnel transfer probability P 
23,24expressed by the equation (3) i.e. J = K × P: 
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Incorporating ψ(x), ψ(0) and a into equation (3) yields after integration: 
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Where m = 9.1×10-31 kg and q = 1.6×10-19 C being the mass and the charge of the electron 
respectively, d = 80×10-9 m is the thickness of the BAS layer and h = h / 2π = 1.05×10-34 J.s 
the reduced Planck constant. 
In order to analytically solve equation (4), we have supposed that E → 0 i.e. electrons are 
supposed to be close to the Fermi level. This approximation is supported by two reasons: i) 
the probability to find electrons 100 meV over the Fermi level at T < 250 K is very low (less 
than 1%), and ii) if thermally dependent tunneling transport was resulting from the Fermi-
Dirac statistic occupation of electrons over EF with increasing the temperature, such 
phenomenon should occur whatever the material. Actually, in that case of DMPPS-based 
devices, no thermally dependent tunneling transport was observed 20. As a result, thermally 
effect originating from the occupation of electrons over the Fermi level in the device with a 
gold cathode can be neglected. Equally, we neglect any variation of the interfacial dipole with 
the temperature. 
Consequently, substituting the numerical values in equation (4) yields:  
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Figure 7 shows the J-V characteristics and the corresponding Arrhenius plots for Domain II in 
Figure 6. The experimental data are represented by the full symbols. The theoretical values 
(full curves) have been calculated from equation (5) using W = 35 meV and φc = 1.3 eV. A 
thermal energy of 35 meV corresponds to a temperature of about 400 K, which is almost the 
BAS melting point. Above the fusion temperature, molecular environmental strain is 
inexistent. The weak value of φc compared to the difference φm (Au) – EA (BAS) indicates the 
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presence of an electrical dipole at the interface BAS/Au 25,26 and/or a possible diffusion of 
gold atoms in the BAS layer. The model of thermally assisted tunnel transfer fits experimental 
data. The higher the temperature, the lower the environmental strain on the BAS molecule. 
The consequence is an increase in EA and an enhancement of electron injection in BAS-based 
devices. The effective variation of EA can be calculated from equation (1) using the fitting 
parameters. The variation of EA from 90 to 235 K is around 0.17 eV which is almost in 
accordance with that calculated with DFT. 
Optical absorption or photoluminescence or electroluminescence (EL) does not directly 
provide data on LUMO and HOMO levels because in organic compounds, exciton binding 
energy is roughly 1 eV. However, a red-shift should be observed in the EL spectra by 
increasing the temperature of the sample. As a consequence, we recorded EL spectra for 
temperature varying from 83 K to 297 K on ITO/PEDOT-PSS/BAS (80 nm)/Ca devices. 
Electroluminescence spectra were collected using an optic fiber connected to an OceanOptics 
HR2000 spectrometer while OLEDs were submitted to a constant current density of 
10 mA.cm-2. OLEDs were biased for less than one second to reduce any heating effect during 
the measurement. Results are presented in figure 8. A slight red-shift, of almost 70 meV, is 
observed when the temperature is increased from 83 K to 297 K. Actually, two phenomena 
are in competition: a red-shift resulting from the stabilization of the LUMO and a blue-shift 
(commonly observed in polymers and small molecules) due to a statistical occupation of 
higher excited states at high temperature 27-29. Thus, this observed red-shift qualitatively 
confirm the relaxation of environmental strains with increasing the temperature. 
3 Conclusion 
 
In summary, we have demonstrated that the π-stacking of anthracene entities induces 
environmental strains on the BAS molecules affecting the molecular electronic levels. DFT 
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calculations are supported by electrical measurements and by electro-optical study. A 
thermally assisted tunnel transfer was developed. All data are consistent with a modification 
of the EA with the temperature. Environmental strains on BAS molecule relax when 
increasing the temperature. It means that the energy optimization of the solid state induce 
torsion angles which put the BAS molecule of its stable energy configuration. This 
phenomenon is highlighted by the increase of the electron affinity and an enhancement of the 
electron injection at the interface Organic/cathode. 
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Table and figure captions 
 
Table 1: Dihedral angles (φ) between the mean planes of the central silole (S), the 2,5-
benzene rings (P1 and P2) and the anthracenyl groups (A1 and A2). 
 
Table 2: Calculated HOMOs and LUMOs energy levels on both the X-ray and optimized 
geometries of BAS using the B3LYP functional with a 6-31G* split valence plus polarization 
basis set. 
 
Figure 1: 2,5-[bis-(4-anthracene-9-yl-phenyl]-1,1-dimethyl-3,4-diphenyl-silole (BAS). S is 
the central silole ring, P1, and P2 the 2,5-benzene rings and A1 and A2 the anthracenyl groups, 
and 1,1-dimethyl-2,5-bis(p-2,2’-dipyridylaminophenyl)-3,4-diphenylsilole (DMPPS). 
 
Figure 2: Three-dimensional structure of BAS such as found from the analysis of the X-ray 
data (see Figure 1 for the meaning of labels). The displacement ellipsoids are drawn at the 
50% probability level. H atoms are shown as spheres of arbitrary radius.  
 
Figure 3: π-π aromatic interaction between anthracenyl moieties of adjacent BAS molecules. 
 
Figure 4: UPS and IPES spectra performed on a BAS thin film (80 nm thick) deposited under 
ultra high vacuum on a clean gold substrate. The energy scale is referenced to the Fermi level. 
Values of HOMO, LUMO, EA and IP are reported in the figure. 
 
Figure 5: DFT computed frontier orbitals of BAS in the crystal lattice and in the gas phase 
(optimized geometry). 
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Figure 6: Current density – voltage and luminance – voltage characteristics of the device 
ITO/PEDOT/BAS 80 nm/Au for temperature comprised between 90 K and 235 K. 
 
Figure 7: Experimental (symbols) and theoretical (lines) J-V curves (a) and the 
corresponding Arrhenius plot (b). 
 
Figure 8: Normalized electroluminescent spectra recorded at 87 K, 148 K and 297 K on 
ITO/PEDOT-PSS/BAS (80 nm)/Ca devices. 
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 φ(S – P1) 
(°) 
φ(S – P2) 
(°) 
φ(P1 – A1) 
(°) 
φ(P2 – A2) 
(°) 
BAS crystals 57.5(3) 59.3(3) 72.7(3) 64.2(2) 
BAS optimized 49.1 49.1 77.7 77.6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1  Huby et al. 
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 HOMO-1 
(eV) 
HOMO  
(eV) 
LUMO  
(eV) 
LUMO+1 
(eV) 
BAS crystals -5.43 -5.37 -1.81 -1.76 
BAS optimized -5.42 -5.39 -2.00 -1.90 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 2  Huby et al. 
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FIGURE 1  Huby et al. 
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FIGURE 2  Huby et al. 
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FIGURE 3  Huby et al. 
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FIGURE 4  Huby et al. 
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FIGURE 5  Huby et al. 
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FIGURE 6  Huby et al. 
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FIGURE 7 Huby et al. 
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FIGURE 8 Huby et al. 
